Introduction
ROS participate in cellular signalling processes, where they can act as second messengers of signal transduction (reviewed in Nakamura et al., 1997) . Stimulation of receptors for IL-1b, TNF-a and CD28 or exposure to proin¯ammatory conditions results in an increased formation of intracellular ROS (Los et al., 1995; reviewed in Baeuerle et al., 1995) . ROS can be generated by several enzymes including NADPH oxidases, xanthine oxidases and lipoxygenases, or during mitochondrial oxidative phosphorylation. Also the overexpression of constitutively active forms of p21 ras or Rac1 results in increased concentrations of ROS (Irani et al., 1997; Sulciner et al., 1996) . There are several species of reactive oxygen species such as the short-lived superoxide anion (O 2
7
) and the more stable hydrogen peroxide (H 2 O 2 ). These molecules can form the highly reactive hydroxyl radicals (OH × ) in the presence of transition metal ions (reviewed in Sies, 1993) . Increased levels of ROS can aect the activity of signalling molecules such as protein kinases and phosphatases Knebel et al., 1996) . These events lead to the inhibition of transcription factors as exempli®ed by AP-1, or the induction of other transcription factors such as NF-kB (Meyer et al., 1993; Galter et al., 1994) . The regulation of NF-kB is based on its location in the cell; inactive NF-kB resides in the cytoplasm, the activated form is transported into the nucleus. Interaction of a DNA-binding dimer with one inhibitory IkB protein retains the NF-kB complex in the cytoplasm (reviewed in Baldwin, 1996) . A wide range of signals including H 2 O 2 lead to the induced serine phosphorylation of IkB-a, which tags the molecule for its proteolytic degradation by the proteasome. The released DNA-binding subunits are then translocated into the nucleus, bind their cognate DNA and induce transcription (reviewed in Sha, 1998) . If particular serines located at the N-terminus of IkB-a are mutated to alanines, signal-induced degradation is prevented (Traenckner et al., 1995) .
Moderately elevated concentrations of ROS were found to induce a highly regulated form of cell death called apoptosis (reviewed in Slater et al., 1995) . A shift towards pro-oxidative conditions and a depletion of the intracellular antioxidant glutathione (GSH) can be observed in response to various inducers of apoptosis including cytostatic drugs, DNA damage as well as cross-linking of the CD3 and TNF receptors (Hug et al., 1997; Macho et al., 1997) . However, pro-oxidative conditions are not a general prerequisite for apoptosis, since CD95 receptor triggering does not involve the release of ROS (Hug et al., 1994) . Further support for the importance of ROS in the induction of apoptosis derives from the analysis of genes in¯uencing cell death in the nematode Caenorhabditis elegans. The ced-9 gene from Caenorhabditis elegans represses apoptosis and is part of a bi-cistronic gene co-encoding a protein similar to Cytochrome b560 of complex II in the respiratory chain of mitochondria (Hengartner and Horvitz, 1994) . Some target genes of the apoptosis-inducing transcription factor p53 were found to be involved in the ROS metabolism. Accordingly, the induced expression of p53 results in a strong release of ROS (Polyak et al., 1997) .
Apoptosis is accompanied by the activation of a cascade of proteolytic Caspases that cleave many substrate proteins including poly (ADP ribose) polymerase (PARP), structural proteins such as actin, fodrin or lamin (reviewed in Salvesen and Dixit, 1997) as well as ICAD, an inhibitory protein for the Caspase-activated deoxyribonuclease (CAD). Activated CAD cleaves the genomic DNA within the internucleosomal regions, thus generating multimers of nucleosomal domain-sized fragments (Sakahira et al., 1998) . Mitochondria were proposed to be among the targets of the early activated and receptor-associated Caspases, leading to the generation of permeability transition pores and a drop in the transmembrane potential DC m . This process was proposed to be the`point of no return' in the onset of apoptosis .
In this study, we show that treatment of various cell types with low micromolar amounts of hydrogen peroxide induced apoptosis independent from p56 lck , CD45 or the CD95 signalling system. H 2 O 2 -triggered apoptosis led to the generation of permeability transition pores, reduction of DC m and the release of MiROS, which were required for the execution of apoptosis. Hydrogen peroxide-elicited apoptosis involved activation of Caspase-3 and required activation of NF-kB, which resulted in elevated expression of p53.
Results

Characterization of apoptosis induced by hydrogen peroxide
The time periods and concentrations required for apoptosis induced by H 2 O 2 were determined by exposing the human T cell line CEM C7 to various amounts of hydrogen peroxide for dierent periods. Overall cell death was determined by propidium iodide (PI) staining and compared to apoptosis, which was measured by the determination of hypoploid cells. The addition of low micromolar concentrations H 2 O 2 did not aect cell viability of CEM C7 cells, but concentrations as low as 100 mM already killed around 50% of the cells within 24 h (Figure 1a .) The CEM C7 cells died almost exclusively by apoptosis as revealed by the comparison with overall cell death, a ®nding that also applied to Jurkat T-cells (data not shown). H 2 O 2 -treatment resulted in a reduced apoptosis rate when intermediate concentrations such as 400 mM of H 2 O 2 were applied. Apoptosis induced by hydrogen peroxide displayed a signi®cantly slower kinetic, when compared to CD95-induced apoptosis, which was complete already after 12 h (data not shown). The apoptotic response of T-cells was further characterized by the analysis of DNA laddering, another characteristic feature of programmed cell death. CEM C7 cells were treated for 12 h with various amounts of H 2 O 2 and the genomic DNA was analysed on agarose gels. Low concentrations of hydrogen peroxide were sucient to induce the typical cleavage of DNA into multimers of domain-sized fragments (Figure 1b) . We next tested the in¯uence of pro-and antioxidative compounds on cell killing induced by hydrogen peroxide. CEM C7 cells were preincubated either with N-acetyl-cysteine (NAC), or buthionine sulphoximine (BSO), a speci®c inhibitor of glutathione synthesis (Grith and Meister, 1979) . These pretreated cells and an untreated control were subsequently exposed for 24 h to 100 mM H 2 O 2 and the apoptosis rate was determined by FACS analysis (Figure 1c ). The thiolbased antioxidative compound NAC signi®cantly decreased cell killing by hydrogen peroxide. Depletion of the intracellular antioxidant glutathione further increased cell killing, supporting the concept that high levels of intracellular glutathione protect cells from various inducers of apoptosis (Macho et al., 1997) .
Hydrogen peroxide activates Caspase-3
The Caspases activated in the process of H 2 O 2 -elicited apoptosis were determined by testing the impact of synthetic peptide inhibitors displaying dierent specificities on cell killing. Various concentrations of the irreversible inhibitor zVAD-fmk eciently prevented H 2 O 2 -induced apoptosis (Figure 2a) . Even higher concentrations of the inhibitor Ac-YVAD-CHO were not able to protect CEM C7 cells signi®cantly. Since Ac-YVAD-CHO displays a high speci®city for Caspases-1 and -4, these Caspases seem not to be involved in H 2 O 2 -induced apoptosis. The eectively inhibiting compound zVAD-fmk also prevents the activity of Caspases-3 and -7 (Villa et al., 1997) , suggesting an active role of at least one of these enzymes. The inhibitory eect of z-DEVD-cmk, which interferes with the activity of Caspase-3, indicates the involvement of this Caspase in H 2 O 2 -triggered apoptosis ( Figure 2a ). The role of Caspase-3 was further investigated by following the fate of Caspase-3 and its substrate protein PARP for various time periods in the presence of 100 mM hydrogen peroxide. Already 3 h after exposure of cells to this apoptosis-inducing stimulus it was possible to detect some cleavage product of PARP in Western blot experiments (Figure 2b ). This was paralleled by the cleavage and thus activation of Caspase-3. Subsequently we tested the activation of Caspase-8, which is indirectly linked to the CD95 receptor via its association to FADD (Muzio et al., 1996) . Caspase-8 remained undegraded and inactivated in the presence of hydrogen peroxide, suggesting that this Caspase is not involved in H 2 O 2 -induced apoptosis. In contrast, cleavage of Caspase-8 was already complete only 3 h after the addition of a-APO-1 antibodies to Jurkat cells (Figure 2b) . The kinetic of H 2 O 2 -elicited cleavage of PARP and Caspase-3 varied considerably between dierent T-cell lines and was signi®cantly slower in CEM C7 cells (data not shown).
Protein kinase p56 lck , phosphatase CD45 and the CD95 receptor are not necessary for H 2 O 2 -induced apoptosis Studies employing inhibitors of protein tyrosine kinases suggested that certain forms of cell death require the activity of protein tyrosine kinases (Eischen et al., 1994; Youse® et al., 1994; Mancini et al., 1997) . Therefore, Jurkat cell lines de®cient in the expression of p56 lck or the phosphatase CD45, an enzyme that regulates many kinases including p59 fyn and p56 lck (Hurley et al., 1993) , were tested for their susceptibility to H 2 O 2 . Exposure of these cells to this oxidant and subsequent determination of cell death revealed no changes in the sensitivity to hydrogen peroxide, when compared to wild type Jurkat cells ( Figure 3a) . Since it was shown that oxidative stress can upregulate the expression of the CD95 ligand (Hug et al., 1997; Bauer et al., 1998) , the possible involvement of the CD95 signalling system for H 2 O 2 -initiated apoptosis was investigated in detail. A Jurkat cell line lacking the CD95 receptor (CD95 7 cells) was equally sensitive in its susceptibility to hydrogen peroxide as wild type Jurkat cells ( Figure 3a ). Next, we followed the fate of Caspase-3, Caspase-8 and PARP in CD95 7 cells by Western blotting. No cleavage of these proteins was seen after the addition of a-APO-1 antibodies, but ecient cleavage of Caspase-3 and PARP occurred already 3 h after the addition of 100 mM hydrogen peroxide (Figure 3b ), supporting the concept that the CD95 receptor complex does not play a role during this apoptotic process. Next, a potential interference between the apoptotic pathways triggered by CD95 or H 2 O 2 was investigated. Cell death of CEM C7 cells treated with either agonistic a-APO-1 antibodies or H 2 O 2 alone was compared to a-APO-1-elicited apoptosis of cells preincubated for 2 h with 400 mM hydrogen peroxide ( Figure 3c ). This preincubation signi®cantly protected the cells from CD95-mediated apoptosis. . BA also completely abrogated the apoptosis-inducing eects of 100 mM H 2 O 2 within the ®rst 18 h ( Figure  4b ). Of note, the protecting eect of BA was gradually lost when the cells were incubated for longer periods with H 2 O 2 (data not shown). We next tested whether the damage of mitochondria includes the release of MiROS. The addition of antimycin A, a mitochondrial complex III inhibitor that also increases the generation of ROS, slightly enhanced the hydrogen peroxide-induced apoptosis (Figure 4c ). Inhibition of the mitochondrial respiratory chain with menadione 7 Jurkat cells were treated with a-APO-1 antibodies (3 h) or H 2 O 2 for the indicated periods and analysed by Western blotting for the cleavage of Caspase-3, Caspase-8 and PARP as shown in Figure 2b . (c) Antagonism of hydrogen peroxide on CD95-elicited apoptosis. Cells were treated for 8 h with H 2 O 2 , for 6 h with a-APO-1 antibodies or for 2 h with H 2 O 2 followed by 6 h with a-APO-1 antibodies as indicated. The apoptosis rates given are mean values from two independent experiments, bars indicate the standard deviations protected Jurkat cells from hydrogen peroxide-induced apoptosis. Rotenone, which inhibits the electron¯ow from complex I¯ow to ubiquinone, completely prevented the cytotoxic eects of hydrogen peroxide. In a control experiment, menadione, antimycin A and rotenone did not aect CD95-triggered apoptosis in Jurkat cells (Figure 4c ). These results identify the release of mitochondrially generated ROS as a key event of H 2 O 2 -induced apoptosis. The mitochondrial events during this apoptotic process were further characterized by measuring the release of mitochondrial Cytochrome C. Jurkat cells transfected with an empty expression vector (Jurkat neo) were treated for 6 h either with 100 mM of H 2 O 2 or a-APO-1 antibodies as a control. After fractionation of cells into a mitochondrial and a cytosolic S100 fraction, the Cytochrome C protein was detected on Western blots. Cytochrome C was eciently released into the cytosol of the hydrogen peroxide-treated cells, emphasizing the importance of mitochondria for this apoptotic pathway (Figure 4d ). The same experimental approach in Jurkat cells stably overexpressing the anti-apoptotic protein Bcl-2 (Jurkat Bcl-2) showed no Cytochrome C release neither in response to a-APO-1 antibodies nor to 100 mM of H 2 O 2 .
Overexpression of BHRF-1, E1B 19K and IkB-a prevent H 2 O 2 -induced apoptosis
The role of proteins belonging to the Bcl-2 family of proteins in hydrogen peroxide-mediated cell death was further investigated. This protein family includes among others the Epstein ± Barr virus-encoded BHRF-1 protein and the Adenovirus-encoded E1B 19K protein (reviewed in Farrow and Brown, 1996) . In contrast to Jurkat cells transfected with an empty control vector (Jurkat neo), the viability of a Jurkat cell line stably overexpressing Bcl-2 was not signifi- (Figure 5a ). The potential protective eect of E1B 19K and BHRF-1 was tested by transfecting embryonic kidney 293 cells with expression vectors encoding these viral proteins as well as an empty expression vector as a control. In order to investigate a possible role of NF-kB activation for apoptosis we also transfected an expression vector encoding a transdominant negative form of the inhibitory IkB-a protein. Apoptosis was initiated two days after transfection by the addition of hydrogen peroxide and the surviving cells were further grown to colonies. After staining of the cell colonies with crystal violet it became evident that the two viral proteins protected cells from death (Figure 5b ). E1B
19K and BHRF-1 display their anti-apoptotic behaviour in response to a variety of inducers, suggesting that the H 2 O 2 -induced death signal follows a common pathway. Also the overexpression of the inhibitory IkB-a protein allowed the transfected cells to survive.
Activation of NF-kB is required for hydrogen peroxidemediated cell killing
The in¯uence of NF-kB on cell killing by H 2 O 2 was further analysed by comparing the apoptotic behaviour of Jurkat cells in the presence or absence of the recently characterized NF-kB inhibitor parthenolide (Hehner et al., 1998) . This substance, although displaying some cytotoxicity by itself, protected Jurkat cells from apoptosis induced by hydrogen peroxide (Figure 6a ). This ®nding was further followed up by comparing wild type HeLa cells with a HeLa cell line stably overexpressing a transdominant negative form of IkB-a which displays an increased half life (Traenckner et al., 1995) . The inducibility of the DNA-binding form of NF-kB in response to treatment with various concentrations of H 2 O 2 was compared between the wild type and IkB-a-overexpressing HeLa cells in electrophoretic mobility shift assays (EMSAs). Treatment of wild type HeLa cells with 300 mM H 2 O 2 resulted in a strong activation of the DNA-binding form of NF-kB, which could not be induced in the IkB-a-overexpressing cells (Figure 6b ). Also H 2 O 2 concentrations lower than 300 mM were able to activate NF-kB, but these were only active when left on the cells for longer periods as described previously (Schreck et al., 1991) . A comparison between the apoptotic behaviour of both cell lines in response to treatment with increasing concentrations of hydrogen peroxide revealed that only wild type HeLa cells died (Figure 6c ). Although displaying an elevated constitutive cytotoxicity, the IkB-a overexpressing cell clone was completely resistant to the detrimental eects of hydrogen peroxide even at higher concentrations. Taken together, these experiments provide pharmacological and genetic evidence for a proapoptotic role of H 2 O 2 -induced NF-kB activity, probably by the induction of death eector genes.
Increased concentrations of H 2 O 2 lead to elevated levels of p53 protein
A candidate for such a death eector gene is p53, which was identi®ed as a NF-kB target gene (Wu and Lozano, 1994 ). Therefore, we followed the fate of p53 and c-Myc, another transcription factor involved in apoptotic processes (Hermeking and Eick, 1994) , in Western blot experiments. Treatment of Jurkat and HeLa cells with 100 mM of hydrogen peroxide for various periods revealed constant levels of the c-Myc protein (Figure 7) . In contrast, the amount of p53 protein increased after 6 h and reached the maximum level after 24 h. This increase was not due to increased protein stability, since the p53 level was constant irrespective of the presence of cycloheximide or a mixture of cycloheximide and H 2 O 2 (data not shown). This elevated p53 expression was dependent on a functional NF-kB activation, since the IkB-a over- for example in the course of the antibody-mediated cytotoxic response. In this case macrophages, granulocytes and neutrophils produce large amounts of ROS, which are directly leading to the necrotic destruction of the target cells by oxidation of proteins, nucleic acids or lipids. Pro-oxidative conditions and elevated concentrations of ROS are also induced by ischemia, reperfusion damage, UV radiation, diabetes, allograft rejection, HIV infection, rheumatoid arthritis and several neurodegenerative disorders such as amyotrophic lateral sclerosis, Parkinson's and Alzheimer's disease (Wautier et al., 1994; reviewed in DroÈ ge and Holm, 1997) . Increased concentrations of ROS per se are sucient to induce the highly controlled process of apoptosis, at least in some cell types. In this respect it is interesting to note that various cell types showed pronounced dierences in their sensitivity to H 2 O 2 . Tcells and HeLa cells readily died upon exposure to 100 mM of the oxidant, whereas 293T and endothelial cells were viable up to 600 mM (AD, unpublished observation). Neuronal cells were already killed by extremely low concentrations of H 2 O 2 (Hoyt et al., 1997) .
This study shows that the protein kinase p56 lck , the phosphatase CD45 and the CD95 system are not required for H 2 O 2 -induced apoptosis. Accordingly, the CD95-associated Caspase-8 was only activated when apoptosis was triggered by CD95 ligation, but not by hydrogen peroxide exposure. Therefore it might be possible that the reported H 2 O 2 -mediated upregulation of the CD95 ligand (Hug et al., 1997; Bauer et al., 1998) is restricted to certain cell types. Alternatively, this increased expression of CD95 ligand may have its impact on remote cells that are not reached by increased ROS concentrations. Several lines of evidence presented in this study show that hydrogen peroxide-induced apoptosis signals via rapid mitochondrial changes, which does not exclude the possibility that elevated expression of the CD95 ligand induced by long-term exposure to ROS contributes to this apoptotic process. Some of the cell lines used in this study are resistant to apoptosis induced by CD95, but not by hydrogen peroxide, supporting the concept that both apoptotic pathways are initially separated. The protective eect of H 2 O 2 on CD95-mediated apoptosis might be due to an impaired cell proliferation, since the eective execution of CD95-initiated apoptosis requires exponentially growing cells (Mollereau et al., 1997) . Alternatively, it may be possible that the reported H 2 O 2 -triggered activation of protein kinase C (Konishi et al., 1997) leads to the attenuation of early signals in CD95-mediated apoptosis as shown in a previous study (del Carmen Ruiz-Ruiz et al., 1997) .
The earliest events in hydrogen peroxide-elicited apoptosis are the generation of permeability transition pores, the drastic decrease of the mitochondrial transmembrane potential, and the release of MiROS and Cytochrome C. The protective eect of rotenone shows that the MiROS are released before the electrons reach the ubiquinone site of the mitochondrial respiratory chain. Inhibition of the respiratory chain with menadione, which leads to the release of mitochondrial O 2
7
, protected T-cells cells from hydrogen peroxide-induced apoptosis. Accordingly, it was described that superoxide anions can even act as eective protectors from apoptosis (Clement and Stamenkovic, 1996) . Among the various radical species released by mitochondria, H 2 O 2 displays the most detrimental eect. It remains to be determined whether apoptosis is further triggered by H 2 O 2 or the highly reactive hydroxyl radical. These early mitochondrial events precede the activation of Caspase-3, which is activated later during the process of ongoing apoptosis.
Overexpression of the anti-apoptotic proteins Bcl-2, BHRF-1 and E1B 19K prevented hydrogen peroxidetriggered cell death. These viral proteins inhibit apoptosis induced by a variety of stimuli (Rao et al., 1992; Khanim et al., 1997) , suggesting that the H 2 O 2 -induced signal follows a common pathway. Since the Bcl-2 overexpressing Jurkat cells did not release mitochondrial Cytochrome C upon exposure to H 2 O 2 it can be concluded that Bcl-2 aects relatively early events during this apoptotic process. However, the mechanism(s) underlying the anti-apoptotic behaviour of these proteins is currently not completely understood. Similar to Bcl-2, the E1B 19K protein is membrane-localized (Subramanian et al., 1993) . Some of the anti-apoptotic eects of E1B 19K can be explained by functional interactions with the proapoptotic proteins Bax and Nbk/Bik (Han et al., 1996) . Another important feature of Bcl-2 and E1B 19K is their ability to counteract the transcriptional activity of NF-kB (Grimm et al., 1996; Schmitz et al., 1996; Limbourg et al., 1996) , a characteristic that might contribute to their protective role in H 2 O 2 -induced apoptosis. The inhibition of NF-kB by transient or stable overexpression of IkB-a also prevented cell death, directly showing the involvement of this transcription factor in the onset of apoptosis. There is also evidence for apoptosis-protecting functions of NF-kB, since its activation was found to counteract cell death induced by TNF-a and chemotherapeutic agents (for review, see Van Antwerp et al., 1998) . However, there is a growing body of evidence showing apoptosis-promoting functions of NF-kB, although the mechanisms de®ning the role of NF-kB as a promoter or attenuator of cell death are Figure 7 Increased p53 expression coincides with hydrogen peroxide-induced apoptosis. The indicated cells were treated with 100 mM H 2 O 2 for various time periods and total cell extracts were prepared. Equal amounts of protein were analysed on Western blots with monoclonal antibodies for the abundance of p53 and c-Myc far from clear. The induction of apoptosis by serum withdrawal in 293 cells was accompanied by NF-kB activation that could be inhibited by overexpression of a transdominant negative NF-kB p65 (RelA) subunit (Grimm et al., 1996) . Sindbis virus-elicited apoptosis coincided with the activation of NF-kB. Inhibition of this transcription factor by the transcription factor decoy approach rescued the cells from virus-induced cell death (Lin et al., 1995) . Along this line, the glutamate-induced neurotoxicity which was found to be accompanied by the induction of NF-kB could be blocked with the NF-kB inhibitor aspirin (Grilli et al., 1996) . Ectopic expression of the NF-kB family member c-Rel led to a rapid induction of cell death in avian bone marrow cells (Abbadie et al., 1993) . Also apoptosis in neuronal cells induced by ischemia or excitotoxin required the activation of NF-kB (Clemens et al., 1997; Qin et al., 1998) . The apoptosis-inducing ability of NF-kB presumably relies on the induced expression of death eector genes such as p53, which can be inducibly expressed by H 2 O 2 via activation of NF-kB. Accordingly, the IkB-a overexpressing HeLa cells failed to display the p53 upregulation that was seen in the wild type HeLa cells upon stimulation with hydrogen peroxide. However, it may well be possible that the onset of apoptosis induced by oxidants requires further mechanisms or molecules which still await their identi®cation.
Materials and methods
Apoptosis inhibitors
The inhibitors N-benzyloxycarbonyl-Val-Ala-Asp-¯uo-romethylketone (zVAD-fmk), N-benzyloxycarbonyl-AspGlu-Val-Asp-chloromethylketone (zDEVD-cmk) and acetyl-Tyr-Val-Ala-Asp-aldehyde (Ac-YVAD-CHO) were purchased from Enzyme System Products (Eugene, OR, USA). Rotenone, Menadione, Antimycin A, BSO and NAC were from Sigma (St Louis, MO, USA).
Cell culture
CEM-C7 T-cells, Jurkat T leukemia cells and their Bcl-2 overexpressing derivatives as well as the p56 lck7 , CD45 7 and Apo 7 subclones (Schraven and Peter, 1995; Scadi et al., 1998) were grown at 378C in RPMI 1640 medium containing 10% heat-inactivated fetal calf serum, 10 mM HEPES and 1% (v/v) penicillin/streptomycin (all from Life Technologies, Grand Island, NY, USA). HeLa cells and 293 cells were grown in Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 10% fetal calf serum and 1% (v/v) penicillin/streptomycin. All cells were grown in a humidi®ed incubator at 378C and 5% CO 2 .
Detection of apoptosis and cytotoxicity by FACS analysis
Apoptosis was measured by determining the percentage of hypoploid cells after lysis in a hypotonic buer containing 50 mg/ml PI, 0.1% (w/v) sodium citrate and 1% (v/v) Triton X-100 (all from Sigma Inc, St Louis, MO, USA). Fluorescence was measured in a Becton Dickinson FACScan (Heidelberg, Germany) as described (Nicoletti et al., 1991) . The results were analysed with CELLQuest software (Becton Dickinson, Heidelberg, Germany). For the determination of overall cell death by the dye exclusion method, cells were resuspended in phosphate-buered saline with 1% (w/v) BSA, 0.01% (v/v) sodium azide and PI (25 mg/ml). After 15 min incubation on ice, cell death was measured in a FACScan.
Colony assays
Some 293 cells were transfected with expression vectors for IkB-a S32/36A (Traenckner et al., 1995) , E1B 19K (White and Cipriani, 1990) or BHRF1. This vector was constructed by inserting the BglII/SalI fragment from a cloned EBV genome into pcDNA-3 (Invitrogen, Carlsbad, CA, USA), previously opened with BamHI/XhoI. After initiation of apoptotis and growth of surviving cells, the colonies were visualized by washing the plates twice with phosphate-buered saline and incubating them for 1 h in ®xation solution (10% (v/v) methanol, 10% (v/v) acetic acid). After staining for 30 min with ®xation solution containing 0.5% (w/v) crystal violet, the plates were washed three times with ®xation buer, two times with water and then dried on air.
Determination of Cytochrome C release
The Cytochrome C release was measured essentially as described (Yang et al., 1997) , with the exception that the cells were lyzed by three cycles of freeze-thawing.
DNA fragmentation assay
Cells were collected by centrifugation, washed twice with phosphate-buered saline and lyzed in 0.56TBE (25 mM TRIS, 25 mM boric acid and 0.5 mM EDTA) containing 0.25% (v/v) NP-40 and 0.5 mg/ml RNAse H. After incubating the samples for 45 min at 378C, 0.5 mg/ml Proteinase K (Sigma Inc, St Louis, MO, USA) was added and the incubation was continued for another 45 min at 378C. The cell debris was pelleted upon centrifugation with 14 000 r.p.m. at 48C for 10 min. The supernatant was transferred into a new Eppendorf tube and the DNAfragments were separated on a 1.5% (w/v) agarose gel in 16TBE buer at 50 V for 3 h. The DNA was stained with ethidium bromide and analysed under ultraviolet light.
Determination of the mitochondrial transmembrane potential
Cells were incubated with 100 nM 3,3'-dihexyloxacarbocyanine iodide DiOC 6 (3) (Molecular Probes, Leiden, The Netherlands) in phosphate-buered saline for 15 min at room temperature. Staining of cells with 100 mM carbonyl cyanide m-chlorophenylhydrazone (CCCP, Sigma Inc, St Louis, MO, USA) for 15 min at room temperature served as a positive control for the staining with DiOC 6 (3). The cells were then analysed using a FACScan¯ow cytometer (Becton Dickinson, Heidelberg, Germany). Dead cells were excluded by staining with PI and forward/sideward scatter gating.
EMSAs
HeLa cells (5610 5 ) were grown overnight on 10-cm dishes and then stimulated for 20 min with PMA/Ionomycin (50 ng/ml), or for 90 min with the speci®ed amounts of hydrogen peroxide. Cells were harvested by centrifugation and washed twice with cold phosphate-buered saline. The pellet was resuspended in TOTEX buer (20 mM HEPES/ KOH, pH 7.9, 350 mM NaCl, 20% (v/v) glycerol, 1% (v/v) Nonidet P-40, 1 mM MgCl 2 , 500 mM EDTA, 100 mM EGTA, 1 mM phenylmethylsulphonyl¯uoride) and incubated on ice for 30 min. The samples were carefully vortexed every 10 min. The cell debris was pelleted upon centrifugation with 14 000 r.p.m. at 48C for 10 min. Equal amounts of protein in the supernatant were tested for DNA binding activity as described (Hehner et al., 1998) .
Western blotting
Cell extracts contained in TOTEX buer were separated by gel electrophoresis on a reducing SDS-polyacrylamide gel. Subsequently the proteins were transferred from the gel onto a polyvinylidene di¯uoride membrane (Millipore, Bedford, MA, USA), using a semi-dry blotting apparatus (Bio-Rad, Munich, Germany). Prior to the incubation with the respective antibodies (c-Myc (9E10), p53 (DO-1): Santa Cruz Inc, Santa Cruz, CA, USA; Caspase-3: Transduction Laboratories, Lexington, KY, USA, Caspase-8: C15 (Scadi et al., 1997) , Cytochrome C: Pharmingen Inc San Diego, CA, USA), the membrane was blocked with 5% non-fat dry milk powder in TBST buer (25 mM TRIS/ HCl, pH 7.4, 137 mM NaCl, 5 mM KCl, 0.7 mM CaCl 2 , 0.1 mM MgCl 2 , 0.05% (v/v) Tween 20). The membrane was then incubated in a small volume of TBST containing a 1 : 2000 dilution of the antibodies. After extensive washing the proteins were detected with a horseradish peroxidasecoupled secondary antibody using the ECL system according to the instructions of the manufacturer (Amersham Lifescience, Braunschweig, Germany).
